t is commonly believed that growth cone turning during pathfinding is initiated by reorganization of actin filaments in response to guidance cues, which then affects microtubule structure to complete the turning process. However, a major unanswered question is how changes in actin cytoskeleton are induced by guidance cues and how these changes are then translated into microtubule rearrangement. Here, we report that local and specific disruption of actin bundles from the growth cone peripheral domain induced repulsive growth cone turning. Meanwhile, dynamic microtubules within the peripheral domain were oriented into areas where actin bundles remained and were lost from ar-Î eas where actin bundles disappeared. This resulted in directional microtubule extension leading to axon bending and growth cone turning. In addition, this local actin bundle loss coincided with localized growth cone collapse, as well as asymmetrical lamellipodial protrusion. Our results provide direct evidence, for the first time, that regional actin bundle reorganization can steer the growth cone by coordinating actin reorganization with microtubule dynamics. This suggests that actin bundles can be potential targets of signaling pathways downstream of guidance cues, providing a mechanism for coupling changes in leading edge actin with microtubules at the central domain during turning.
Introduction
Growth cones at the growing tips of the axon play a critical role in controlling axon pathfinding by responding to extracellular guidance cues (Tessier-Lavigne and Goodman, 1996) . Actin filaments are major cytoskeletal elements that determine the structure of growth cones (Letourneau, 1983; Gordon-Weeks, 1987 ). An actin meshwork is concentrated at the leading edge of the growth cone and actin bundles project radially through the growth cone into the filopodia (Bentley and O'Connor, 1994) . Microtubules are the other major structural elements of growth cones. They project from the axon shaft to the central area (C-domain)* of the growth cone with their dynamic ends splaying apart and invading into the actin-rich peripheral area (P-domain). Precise pathfinding by axonal growth cones depends on continuous reorganization of their cytoskeletal structures, including both actin filaments and microtubules (Tanaka and Sabry, 1995) , in response to guidance cues. However, how growth cones translate guidance signals into directed axonal growth is mostly unknown (Song and Poo, 1999; Suter and Forscher, 2000) . A key to understanding this is to define how changes in F-actin in growth cones are coordinated with changes in microtubules in response to guidance cues.
Studies have indicated that when growth cones turn toward attractive cues, either a target cell or nerve growth factor beads, F-actin rapidly becomes concentrated at the site where the growth cone will turn, followed by lamellipodial protrusion in that direction, as well as asymmetrical microtubule advancement into the peripheral area of the growth cone where actin accumulation occurs (Lin and Forscher, 1993; Gallo and Letourneau, 2000) . On contact with repulsive cues, it is believed that asymmetric growth cone collapse leads to repulsive growth cone turning (Fan and Raper, 1995) . For instance, a brain-derived repulsive factor (collapsin) has been shown to cause loss of F-actin from the growth cone leading edge (Fan et al., 1993) . In addition, Challacombe et al. (1996) have shown that dynamic microtubule ends are rearranged within growth cones to avoid an inhibitory guidance cue. Although these studies suggest the involvement of actin and microtubule reorganization during growth cone turning, no direct evidence exists to explain how F-actin is regulated during turning and how F-actin and microtubule reorganization is coordinated. Thus, identifying potential cytoskeletal events during turning will be crucial to unravel this question.
We have developed a model system using two different preparations of Helisoma neurons to study cytoskeletal mechanisms of growth cones in response to repulsive guidance cues. In brief, when Helisoma neurons are cultured in conditioned medium, they form typical, motile growth cones that grow, collapse, and turn (Cohan et al., 1987) . In contrast, neurons cultured on polylysine-coated coverslips in the absence of conditioned medium form larger, nonmotile growth cones (Welnhofer et al., 1997) that do not collapse due to increased membrane adhesion (Zhou and Cohan, 2001 ). These polylysine-attached growth cones allow observation of cytoskeletal changes that are difficult in extending growth cones. By using this model, we previously showed that actin bundle loss is a common cytoskeletal event mediating growth cone collapse (Zhou and Cohan, 2001 ) through regulating leading edge actin organization. In this study, we tested whether regional loss of actin bundles affected microtubule organization and growth cone steering. We found that local application of a collapsing factor induced actin bundle loss on one side of growth cones, which resulted in selective exclusion of microtubules from that side and repulsive turning away from the stimulus. We provide direct evidence that most microtubule free ends are restricted from the peripheral domain by the influence of retrograde flow of actin meshwork, but not by actin meshwork alone. Furthermore, actin bundles provide the means by which a small subset of microtubules overcome retrograde flow and extend toward the leading edge. We also show that local actin bundle loss and asymmetric protrusion precede microtubule changes and growth cone turning. Together, our results suggest that actin bundles may be key cytoskeletal targets of physiological guidance cues, which could mediate growth cone turning by coordinating actin dynamics at the leading edge with microtubule dynamics near the central domain.
Results

Local actin bundle loss causes repulsive growth cone turning
Repulsive factors cause collapse of growth cones when they are bath applied to neuronal cultures or they can cause turning of growth cones when they are applied more focally by pipettes positioned near growth cones. Because collapsing factors have been shown to act by eliminating actin bundles (Zhou and Cohan, 2001) , we tested whether a local loss of actin bundles in growth cones induced turning. We used 1-(5-iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine-HCl ( ML-7), a specific myosin light chain kinase (MLCK) inhibitor, which acts only on actin bundles without disrupting actin meshwork through inactivation of myosin II (Bridgman et al., 2001; Zhou and Cohan, 2001 ). We first tested whether factors that caused actin bundle loss could induce repulsive turning of extending conditioned medium growth cones when locally applied. To produce a local effect, a microscopic gradient of solution near growth cones was created by repetitively releasing ML-7 (100 M) or control solution (2% DMSO in medium) from a micropipette . After a 1-h application of gradient, we observed a marked and consistent repulsive turning response of growth cones in response to ML-7 (Fig. 1, a and d ; turning angle ϭ Ϫ 23.29 Ϯ 5.21; P Ͻ 0.01). Control growth cones showed no apparent bias in turning (Fig. 1, b and d ; turning angle ϭ Ϫ 1.52 Ϯ 5.23). To further confirm the repulsive effect of ML-7, some double turning experiments were done, in which growth cone turning in one direction was reversed by repositioning the pipette after the first turn (Fig. 1 c) . Previously, we showed that lysophosphatidic acid (LPA) was able to antagonize actin bundle loss and growth collapse caused by ML-7 (Zhou and Cohan, 2001) . Similarly, pretreatment with LPA significantly abolished the repulsive turning response by ML-7 (Fig. 1 d; turning angle ϭ 1.59 Ϯ 4.35). All three treatments had no significant effect on the neurite extension rate (13.36 Ϯ 1.12 m/h in control; 13.88 Ϯ 0.92 in ML-7; 10.44 Ϯ 1.06 in LPA ϩ ML-7). Our results indicate that ML-7, which specifically induces actin bundle loss and whole growth cone collapse when bath applied (Zhou and Cohan, 2001) , is able to induce repulsive turning when applied locally, presumably mediated by local actin bundle loss and subsequent partial growth cone collapse.
Fortunately, larger conditioned medium growth cones allowed us to directly test whether local actin bundle loss is responsible for the turning shown above. As shown in Fig. 2 a, these conditioned medium growth cones have prominent actin bundles similar to that of polylysine-attached growth cones. However, they are motile and collapse when contacting collapsing factors (Zhou and Cohan, 2001) . Local application of ML-7 on these growth cones induced local actin bundle loss (Fig. 2 b) , followed by partial growth cone collapse and asymmetrical lamellipodial protrusion (Fig. 2 c) . Finally, it led to directional microtubule extension and the whole growth cone turning away from the ML-7 source (Fig.  2 d) . This directly showed that actin bundle loss preceded repulsive growth cone turning, indicating its underlying role for the turning. This is also the first explicit demonstration that turning results from partial collapse of the growth cone.
Microtubule reorganization in response to actin bundle loss
To show how growth cone cytoskeletal structures reorganized after local application of ML-7, we examined polylysineattached growth cones in the absence of partial collapse. Release of ML-7 from the pipette caused a local loss of actin bundles on the same side of the growth cone, but no loss of actin meshwork (Fig. 2, e-g ), confirming the local effect. This also was accompanied by local decrease of actin accumulation at the leading edge, which may underlie subsequent localized collapse (Fig. 2 g ), consistent with our previous finding (Zhou and Cohan, 2001) . Meanwhile, when microtubules in the P-domain were examined, we found that they were absent in areas where actin bundles were lost, but they were present in areas where actin bundles still remained (Fig.  2 h) , suggesting a role of actin bundles in initiating directional microtubule extension by orienting microtubule ends in the P-domain. Together, this provides direct evidence that actin bundles can coordinate actin reorganization at the leading edge with microtubule organization near the central domain, both of which are required for growth cone turning (Challacombe et al., 1996 (Challacombe et al., , 1997 Williamson et al., 1996) .
To further study how actin bundle loss regulates microtubule organization, control polylysine-attached growth cones and polylysine-attached growth cones that had lost all their actin bundles after treatment with ML-7 were examined because they retain spread lamellipodia even in the absence of the cytoskeleton. In control growth cones, free dynamic microtubule ends that stained with tyrosinated tubulin antibody protruded into the P-domain and overlapped with actin bundles (Fig. 3, a and b ; Gordon-Weeks, 1991) . More stable microtubules that stained with an acetylated tubulin antibody were present in the axon and C-domain but not in the P-domain. However, growth cones without actin bundles after ML-7 treatment, but which retained the actin meshwork, were devoid of dynamic microtubule ends inside their F-actin-rich domain (Fig. 3 , e and f), suggesting a role for actin bundles in regulating spatial distribution of dynamic microtubules in the P-domain. The result that a different stimulus, serotonin, which also causes actin bundle loss (Zhou and Cohan, 2001) , induced the same microtubule exclusion (Fig. 3, i and j) further confirmed this role and suggested the physiological importance of these changes. Finally, microtubules extended in the direction of lamellipodial protrusion and consolidated to complete the turning process (d). To show cytoskeletal reorganization after local actin bundle loss in the absence of collapse, polylysine-attached growth cones were used (e-h). Local actin bundle loss induced asymmetrical lamellipodial protrusion similar to that shown in Fig. 2 (c) . Phalloidin staining showed local translocation of F-actin from the leading edge to the center in the area where actin bundle loss occurred (g, arrowhead) . In the meantime, microtubule staining showed that free microtubule ends were also abolished from the corresponding area where actin bundles were absent (h, arrowhead). Bar, 10 m.
To show that changes in microtubules themselves cannot cause actin bundle loss, we treated polylysine-attached growth cones with a low concentration of vinblastin (10 nM), which has been shown to delete microtubules from the growth cone P-domain (Challacombe et al., 1997) . This had little effect on actin organization even though it depleted all dynamic microtubules from the P-domain (Fig. 3 , c and d), further confirming the role of F-actin reorganization in causing microtubule redistribution.
The above findings raised an important question about why microtubules were lost from the P-domain when actin bundles were removed. Under those conditions, the remaining actin meshwork may have had an inhibitory influence on microtubules. Therefore, we tested whether the actin meshwork inhibited microtubule expansion by treatment with cytochalasin D. Cytochalasin D (1 M) induced a complete loss of actin filaments (Fig. 3 g ). When microtubule structure was examined, loss of all actin filaments permitted microtubule free ends to invade the P-domain (Fig. 3 h) , which is consistent with a previous study (Forscher and Smith, 1988) . However, microtubule invasion might have resulted from either the loss of the actin meshwork itself or, alternatively, the lack of retrograde flow of the actin meshwork, which also is known to influence microtubules (Waterman-Storer and Salmon, 1997) . To test whether retrograde flow in the P-domain affected microtubule distribution, we treated growth cones with 2,3-butanedione monoxime ( BDM), a myosin ATPase inhibitor that is widely used to inhibit retrograde actin flow (Lin et al., 1996) . Unlike ML-7, which inhibits myosin II selectively, BDM inhibits all myosin isoforms. BDM (10 mM) reduced retrograde flow by 49% ( n ϭ 5 growth cones), but actin meshwork was retained ( Fig. 3 k) although actin bundles were lost, as with ML-7. Under these conditions, microtubules expanded into the P-domain, disregarding the presence of the actin meshwork (Fig. 3 l) . This demonstrates a role for retrograde flow in regulating microtubule distribution (Waterman-Storer and Salmon, 1997). Quantitative analysis of microtubule ends in the P-domain under each condition is shown in Fig.  3 m. Together, our results indicate that microtubule spatial distribution in the growth cone P-domain is regulated by both F-actin organization and dynamics.
To further confirm the role of F-actin in regulating microtubule distribution, we also examined motile growth cones in conditioned medium. Similar to polylysine-attached growth cones, most control growth cones had dynamic microtubule ends in the P-domain, many of which overlapped with actin bundles (Fig. 4 , a and d). However, collapsed growth cones after ML-7 treatment showed few dynamic microtubule ends. Instead, most microtubules in these growth cones formed random loops (Fig. 4 , b and e). B19 growth cones that collapsed after serotonin treatment and growth cones that collapsed naturally after long-term culture showed the same result (unpublished data). Growth cones Figure 3 . Effects of actin bundle loss on microtubule organization in polylysine-attached growth cones. In control polylysine-attached growth cones that have prominent actin bundles (a), many single dynamic microtubule free ends can be seen to extend into the actin-rich P-domain (b), some of which overlap with actin bundles. Growth cones treated with ML-7 lost all their actin bundles, but actin meshwork still remained (e). Microtubule staining showed that free microtubule ends were totally abolished from the P-domain (f) compared with the control. Serotonin (5-HT) that also causes actin bundle loss induced similar microtubule reorganization (i and j). Note that microtubules formed random loops. Vinblastin treatment that abolished free microtubule ends from the P-domain had no effect on actin bundle structures (c and d). Cytochalasin (CD) treatment disorganized F-actin (g) and induced protrusion of microtubules into the growth cone P-domain (h). BDM, similar to ML-7, also induced actin bundle loss without loss of actin meshwork (k), but it also induced protusion into the P-domain (l). Relative microtubule (MT) densities in the polylysine-attached (PA) growth cone actin-rich P-domain were calculated (m). One asterisk indicates a significant difference from control (P Ͻ 0.0001). Two asterisks indicate P Ͻ 0.05. Bar, 5 m.
collapsed by cytochalasin showed free microtubule ends similar to those of controls (Fig. 4, c and f) . These findings from conditioned medium growth cones (Fig. 4 g ) paralleled those from the polylysine-attached growth cones, and show specifically that loss of actin bundles, but not F-actin in general, causes loss of dynamic microtubule free ends in the P-domain.
Measurement of microtubule dynamics in growth cones
We used time-lapse spinning disk confocal fluorescent speckle microscopy (FSM) to characterize the dynamics of microtubules in the growth cone. In FSM imaging, random coincorporation of a few labeled and many endogenous unlabeled tubulin dimers during microtubule assembly gives microtubules a fluorescent speckled appearance in high magnification, diffraction-limited fluorescence images (Waterman-Storer et al., 1998) . The fluorescent speckles act as fiduciary marks on microtubules, much like those produced by local photobleaching or fluorescence photoactivation, except with much higher spatial resolution than either of those techniques. In timelapse FSM, speckle movement reports microtubule movement, whereas appearance or disappearance of linear speckle arrays report microtubule assembly and disassembly.
Using FSM, we found that speckle marks on the lattice of microtubules in the P-domain were continuously transported rearward at 4.13 Ϯ 0.12 m/min ( n ϭ 139), similar to the rate of surface-coupled beads (Welnhofer et al., 1997) . In addition to this retrograde transport, microtubule plus ends underwent growth and shortening excursions (see supplemental Video 1 available at http://www.jcb.org/cgi/content/full/ jcb.200112014/DC1) qualitatively similar to dynamic instability seen in nonneuronal cells (Waterman-Storer and Salmon, 1997). FSM allowed us to monitor the growth of microtubules relative to retrograde flow rates. This revealed that microtubule plus ends grew at a rate of 6.94 Ϯ 0.43 m/min ( n ϭ 69 growth rate events). Because the microtubule growth rate was significantly faster than the retrograde flow rate, this allowed growing microtubules to extend toward the leading edge. However, most microtubules were removed from the P-domain due to the small percentage of time that they grew.
Local actin bundle loss induced asymmetrical lamellipodial and central domain protrusion
Growth cone turning has been suggested to involve asymmetrical lamellipodial protrusion (Fan and Raper, 1995) . We have shown above that local actin bundle loss preceded local lamellipodial retraction. The controlled application of collapsing factor and time-lapse imaging provided the opportunity to directly test how local actin bundle loss affected lamellipodial dynamics during ML-7-induced turning. We compared the lamellipodial area facing away from the ML-7 gradient with that facing the ML-7 during the turning process. This analysis was limited to conditioned medium growth cones that maintained well-extended lamellipodia during the turning process. Results showed that asymmetrical lamellipodial protrusion away from the ML-7 gradient always preceded bending of the neurite shaft (turning; Fig. 5, a and b) . This indicates that actin filament reorganization in the lamellipodium occurs before microtubule changes that cause neurite bending.
To test whether actin bundle loss underlies this asymmetrical lamellipodial protrusion, we next examined the effect of ML-7 on polylysine-attached growth cone lamellipodial protrusion when bath applied. There is marked lamellipodial protrusion during polylysine-attached growth cone formation after axotomy (Welnhofer et al., 1997) . In Figure 4 . Microtubule reorganization in conditioned medium growth cones. A control conditioned medium growth cone showed similar F-actin (a) and microtubule (d) organization to that of polylysine-attached growth cones with microtubule ends extending into the actin-rich P-domain, overlapping and even entering filopodia (a and d, arrows). Growth cone treated with ML-7 retracted its lamellipodia (b). Free microtubule ends were also depleted from the P-domain (e). Instead, microtubules formed random loops that were similar to that of polylysine-attached growth cones. Cytochalasin treatment disorganized F-actin structure (c), but microtubule structure was little changed (f). Percentage of conditioned medium (CM) growth cones with two or more microtubule ends was calculated in each condition (g). Asterisk indicates a significant difference from control (P Ͻ 0.0001). Bar, 5 m.
controls, the lamellipodial area increased over time (66 Ϯ 9.44%, from 45 min after axotomy to 90 min; n ϭ 16). However, lamellipodial expansion in the presence of ML-7 (50 M) was significantly less than the control (19 Ϯ 4.98%; n ϭ 15; P Ͻ 0.0005). LPA pretreatment, which antagonized ML-7-induced actin bundle loss, significantly rescued lamellipodial expansion (38 Ϯ 5.35%; n ϭ 19; P Ͻ 0.05). Thus, loss of actin bundles after ML-7 bath treatment stopped lamellipodial expansion. Subsequently, when ML-7 was applied locally to induce local actin bundle loss in polylysine-attached growth cones (Fig. 5 c) , we observed that lamellipodia on the side where actin bundles remained protruded significantly more (31 Ϯ 9.15%) than those on the side where actin bundle loss occurred (9 Ϯ 2.80%; n ϭ 8; P Ͻ 0.05). This coincided with asymmetrical protrusion and shifting of the C-domain in the same direction as lamellipodial protrusion, which is a characteristic event during growth cone steering . Controls showed no significant preferential lamellipodial expansion (11 Ϯ 3.62% vs. 20 Ϯ 6.45%; P ϭ 0.27; n ϭ 9). Together, based on our previous results that ML-7 does not affect actin dynamics, including both polymerization and retrograde flow (Zhou and Cohan, 2001) , these data suggest that spatial regulation of actin bundles plays an important role in regulating lamellipodial protrusion and subsequent growth cone turning. This provides direct evidence that actin bundle reorganization is an initial event that leads to asymmetric lamellipodial protrusion, which is followed later by microtubule redistribution and subsequent axon bending.
Coordinated rearrangement of microtubule structure and lamellipodial dynamics during growth cone splitting
In some experiments, when actin bundles were lost in the middle of polylysine-attached growth cones (Fig. 6, a-c) , lamellipodia protruded on both margins where actin bundles still remained. This was followed by splitting of the growth cone C-domain (Fig. 6 c) , suggesting that local actin bundle loss in the middle of the growth cone may underlie growth cone splitting. This was confirmed by similar observations in some turning experiments of conditioned medium growth cones (Fig. 6, d-g ). In some cases, local ML-7 caused lamellipodial retraction in the middle of the growth cone (Fig. 6, d and e), followed by lamellipodial protrusion on both sides, subsequent dividing of lamellipodia (Fig. 6 f) , and growth cone splitting (Fig. 6 g) . This was presumably due to a pipette position that caused a local effect in the middle rather than on one side. Consistent with this, local application of ML-7 in our turning experiments resulted in more frequent growth cone splitting compared with the control (31%; n ϭ 39; P Ͻ 0.01 vs. 6%; n ϭ 32). LPA pretreatment that antagonized ML-7's effect also inhibited ML-7-induced growth cone splitting (4%; n ϭ 23; P Ͻ 0.05 vs. ML-7 alone). When the microtubule structure of a splitting growth cone was examined (Fig. 6, h-j) , it showed that free dynamic microtubule ends were only present in regions where actin bundles remained and lamellipodial protrusion occurred (Fig. 6, i and j) . Moreover, most of these dynamic microtubule ends overlapped with actin bundles (Fig. 6 j) . Together, these results further confirmed that spatial regulation of actin bundles is an underlying mechanism that controls microtubule structure and lamellipodial dynamics.
Discussion
The main goal of this study was to test whether specific and localized disruption of an important cytoskeletal structure of growth cones, actin bundles, could affect growth cone steering. We present evidence that local actin bundle loss is sufficient to induce repulsive growth cone turning. Most importantly, we found that microtubule distribution in the growth cone P-domain was closely regulated by both actin bundle reorganization and actin dynamics, providing a potential mechanism that couples leading edge actin with microtubules in the C-domain during growth cone turning. Note that changes of neurite shaft direction (turning) were always preceded by asymmetrical lamellipodial protrusion away from the ML-7 (higher SA ratio). Statistical analysis of pooled data (b, right graph) showed that this biased protrusion before neurite turning was significantly different from that at time points when there was no turning (P Ͻ 0.0001). (c) Locally applying ML-7 to polylysine-attached growth cones (arrow indicates the position of the pipette) induced local actin bundle loss, which led to lamellipodial protrusion only in areas where actin bundles still remained. Bar, 10 m.
ML-7 induces repulsive turning through local actin bundle loss
Filopodia and lamellipodia are two essential structures required for growth cone motility during axon guidance. Filopodia serve as sensory elements for guidance signals (Davenport et al., 1993) . Actin bundles, the core elements of filopodia, span the whole lamellipodium to contact microtubules in the C-domain (Bridgman and Dailey, 1989) . This unique feature of actin bundles fits very well with their potential role in mediating growth cone turning in response to guidance cues by coordinating actin filaments at the leading edge with microtubules in the C-domain.
To disrupt actin bundle structure, we used the MLCK inhibitor ML-7, which induced marked, repulsive growth cone turning when applied locally. Several lines of evidence have shown that specific disruption of actin bundle structure is the primary effect of ML-7. First, our previous study showed that ML-7 selectively induced actin bundle loss without affecting actin dynamics, including both actin polymerization and retrograde flow (Zhou and Cohan, 2001) . Therefore, it is unlikely that a local change in actin dynamics (actin polymerization or retrograde flow) is the cause for ML-7-induced repulsive turning. The fact that LPA, which has been shown to antagonize ML-7-induced actin bundle loss, abolished turning further confirms the role of actin bundle loss in mediating repulsive growth cone turning. A possible mechanism of the LPA effect, as we discussed previously (Zhou and Cohan, 2001) , is through activation of RhoA and subsequent Rho kinase, which then phosphorylates myosin light chain (Amano et al., 1996) . Indeed, the involvement of myosin light chain phosphorylation has recently been shown to regulate axon stability in vivo (Billuart et al., 2001 ). Second, it is also unlikely that ML-7 directly affects microtubule structure and causes turning. This is supported by our result that loss of dynamic microtubules from the P-domain by vinblastin treatment had little impact on actin bundle structure, indicating that actin bundle loss by ML-7 treatment is not caused by microtubule loss. Moreover, we have never seen depletion of dynamic microtubules from the P-domain without actin bundle loss when treated with ML-7, suggesting that the loss of dynamic microtubules is a secondary effect of actin bundle loss (see below). Third, local actin bundle loss preceded the axon bending and growth cone turning shown in our conditioned medium cultures, further supporting its role as an initial event mediating turning. Fourth, based on our previous study, it is likely that ML-7 induces actin bundle loss by inactivating myosin II activity rather than by some other nonspecific effects. This is supported by a recent study of myosin IIB knockout mice, which resulted in the loss of actin bundles from growth cones (Bridgman et al., 2001) . Last, similar changes in actin bundles and microtubules were also observed in response to a physiological guidance cue, serotonin, which suggests the generality of these cytoskeletal changes in turning. In summary, all evidence shown above supports actin bundle loss induced by ML-7 as a primary event that triggers repulsive turning.
Interestingly, ML-7 affected the proximal portion of actin bundles that traversed the lamellipodium more than the distal portion in filopodia. This may explain why some filopodia remained on the side of application. Similar effects were described previously in growth cones treated with TPA (Cohan et al., 2001), which increases phosphorylation of the ac- Figure 6 . Position of actin bundle loss determines lamellipodia dividing correlated with growth cone splitting. Locally applying ML-7 to polylysineattached growth cones caused actin bundle loss in the middle of the growth cone (a and b, red arrowhead). This led to lamellipodial protrusion on both margin areas where actin bundles still remained, as well as splitting of the growth cone C-domain (c). Local application of ML-7 (black arrows) to some conditioned medium growth cones (d) induced localized lamellipodial retraction and subsequent lamellipodia dividing (e and f, red arrows). This resulted in growth cone splitting (g). Examination of a splitting growth cone (h) showed that microtubule extension (i) was correlated with actin bundle changes and lamellipodial protrusion. Microtubules extended into areas where actin bundles remained (yellow arrowheads), but were absent in areas where actin bundles were lost (yellow arrow) in the middle of the lamellipodium (j). Note that the dynamic microtubule ends colocalized with actin bundles (j). Bar: (a-c) 5 m; (d-g) 3.7 m; (h-j) 10 m.
tin bundling protein, fascin, and decreases its actin binding properties (Yamakita et al., 1996) . Fascin localized to actin bundles in growth cones and showed a graded distribution, with antibody staining increasing distally along bundles. Similarly, the actin binding protein Mena is concentrated at the tip of the filopodia (Lanier et al., 1999) . These findings suggest that actin binding proteins along filopodial actin bundles may be spatially regulated.
Spatial regulation of microtubules by the actin cytoskeleton
Coordinated changes in dynamic microtubules and actin filaments are crucial for growth cone steering during axon pathfinding (Bentley and O'Connor, 1994) . Reduction of actin filaments from the growth cone in vivo abolishes its ability to turn (Chien et al., 1993) . Similarly, growth cones without dynamic microtubules in the P-domain also lose their steering capacity (Challacombe et al., 1997) . It is widely accepted that signals from guidance cues are first interpreted through actin reorganization, which then, in turn, induces directed microtubule protrusion to complete the turning process. However, the nature of the actin reorganization and how it regulates microtubules still remain elusive.
There are two potential hypotheses for the role of actin filaments in regulating microtubule distribution during growth cone turning. First, it has been suggested that F-actin has a negative role in regulating microtubule extension. For instance, depleting F-actin with cytochalasin B resulted in massive extension of microtubules into the growth cone P-domain, where microtubule density is usually low (Forscher and Smith, 1988 ; this paper), indicating actin filaments as physical barriers for microtubule extension. Our data indicate that the negative influence of the actin meshwork results from its retrograde flow rather than from the actin filaments themselves. Second, there is also evidence that actin bundles in the filopodia may capture, stabilize, and promote microtubule extension during the growth cone turning process (Gordon-Weeks, 1991) . In support of this, growth cones treated with low concentrations of vinblastin or taxol, which prevent microtubule interaction with actin filaments without affecting its polymerization ability, are unable to turn to avoid inhibitory substrate (Williamson et al., 1996; Challacombe et al., 1997) . Our results in this study show that F-actin can both prevent and promote microtubule extension depending on F-actin organization and dynamics in the P-domain. When actin filaments are organized into meshwork, F-actin powered by retrograde flow prevents extension of microtubules into the growth cone P-domain. A similar event has been shown in the leading edge of fibroblasts (Waterman-Storer and Salmon, 1997). In contrast, actin bundles selectively promote extension of some dynamic microtubules into the actin-rich domain. Reorganization of F-actin from bundles to meshwork by ML-7 without losing retrograde flow results in total depletion of microtubules, suggesting the essential role of actin bundles in promoting microtubule extension into the P-domain. Treating growth cones with BDM that inhibits actin retrograde flow allows microtubules to enter the P-domain in spite of the existence of a dense actin meshwork, suggesting that the physical existence of actin filaments alone cannot act as a barrier for microtubules.
Thus, both actin filaments and retrograde flow are required to regulate microtubules in the P-domain.
Microtubule extension into the P-domain of growth cones is regulated by their plus end dynamics. Our results indicate that most microtubules are removed from the P-domain by microtubule transport via actin retrograde flow and microtubule depolymerization. Tracking of a subset of microtubules along actin bundles may promote the extension of these microtubules into the P-domain by directly affecting microtubule dynamics, such as by stabilizing microtubules and promoting their growth. This may occur through physical binding of actin bundles to microtubules through actinmicrotubule cross-linking proteins. For instance, microtubule-actin cross-linking factor is located on microtubules in the actin-rich cortical region of epithelial cells (Fuchs and Karakesisoglou, 2001) . Another microtubule plus end-binding protein, adenomatous polyposis coli , which can stabilize microtubules, indirectly binds actin filaments via ␤-catenin (Dikovskaya et al., 2001 ). In addition, several microtubuleassociated proteins (MAPs) have both microtubule and actin binding activities (Seldon and Pollard, 1983; Togel et al., 1998; Ozer and Halpain, 2000) . The localization of these proteins in growth cones will be of great interest for mechanistic insight into the regulation of microtubules by actin bundles.
Studies in fibroblasts have shown that microtubule dynamics also affect actin-based lamellipodial dynamics by regulating focal adhesions . Targeting of microtubules to adhesion sites causes the dissociation of adhesion complexes and is associated with lamellipodial retraction . Lamellipodial collapse initiated by ML-7 is unlikely through microtubule-mediated relaxation of focal adhesions, because actin bundle loss induces retraction of microtubules away from the leading edge. However, microtubules that penetrate into the P-domain may regulate motility during protusion (Waterman-Storer et al., 1999) .
Finally, repulsive turning may not require primary changes in retrograde flow that may result from altered interaction between growth cones and extracellular matrix proteins, which has been suggested as a potential mechanism of growth cone turning . This is consistent with the fact that growth cones cultured on uncoated glass still turn in response to guidance cues , and growth cone turning can occur without asymmetrical growth cone-substrate adhesion (Isbister and O'Connor, 1999) . Therefore, spatial regulation of microtubules by actin bundles provides an alternative mechanism for growth cone turning.
Proposed cytoskeletal model of repulsive growth cone turning
Our data provide direct evidence that local actin bundle loss on one side of the growth cone is sufficient to initiate repulsive turning. The ability of F-actin organization and dynamics to regulate the microtubule spatial distribution shown in this study provides a simple cytoskeletal mechanism that can be used to regulate growth cone turning. Localized guidance signals received by receptors on filopodia may influence actin bundles, either directly or though intermediate proteins, and cause asymmetrical actin bundle reorganization, which may subsequently orient microtubules. This will initiate asymmetrical extension of microtubules, followed by invasion of organelles along them, to complete the turning process. Our results support the following model for a cytoskeletal mechanism of repulsive growth cone turning. Under normal conditions, F-actin powered by retrograde flow impedes microtubules from entering the growth cone P-domain. Meanwhile, actin bundles selectively promote some microtubule ends advancing into the P-domain (Fig. 7 a) . A signal from an extracellular gradient of repulsive cue induces a localized loss of actin bundles within growth cones (Fig. 7 b) . Actin filaments from disassembled bundles contribute to the meshwork and trigger translocation of actin filaments away from the leading edge, which leads to partial growth cone collapse and asymmetrical lamellipodial protrusion (Fig. 7 c) . In the meantime, microtubule ends in the P-domain are excluded from the area facing the repulsive cue due to actin bundle loss and subsequent collapsed meshwork around the C-domain. Lastly, microtubules overlapping with remaining actin bundles initiate directional extension and bundling, which causes the neurite to turn in the direction of lamellipodial protrusion (Fig. 7 d) . This model is consistent with the findings that diminishing actin bundles with a low concentration of cytochalasin abolishes the turning ability of growth cones both in vitro (Challacombe et al., 1996) and in vivo (Chien et al., 1993) . In addition, when actin bundle loss occurs in the middle of the growth cone, the growth cone bifurcates due to similar coordinated reorganization of F-actin and microtubules. Moreover, when growth cones advance linearly, actin bundle loss can be observed symmetrically on both sides at the lateral margins of the lamellipodium near the axon (unpublished data). Therefore, this provides a simple mechanism for the different behaviors of growth cones during their pathfinding, including regular advance, repulsive turning, and branching. This mainly involves spatial regulation of actin bundling and its subsequent effect on microtubule distribution and lamellipodial dynamics within growth cones.
Many of the physiological factors involved in axon guidance are able to affect actin bundling in growth cones. First, recent studies showed that growth cones from the snail Lymnaea could be guided by target-released dopamine and serotonin (Spencer et al., 2000; Koert et al., 2001 ), both of which cause similar collapse (McCobb et al., 1988) and actin bundle loss in Helisoma growth cones (Zhou and Cohan, 2001) . This is supported by our result that serotonin induced the same microtubule reorganization as ML-7 upon actin bundle loss. Second, the neurite outgrowth inhibitor Nogo, which has been shown to induce growth cone collapse, also is associated with actin bundle loss (Bandtlow and Schwab, 2000) . Third, a protein that binds Rho guanine exchange factor protein Trio, which plays an important role in axon guidance, colocalizes with myosin II and actin bundles (Seipel et al., 2001) . Last, many common signal transduction molecules involved in axon guidance, such as calcium (Hong et al., 2000; Zheng, 2000) , PKC (He et al., 1997) , and tyrosine kinases (Wills et al., 1999) , are all able to regulate actin bundling in growth cones (Goldberg and Wu, 1995; Zhou and Cohan, 2001) . Taken together, this suggests that actin bundles are potential key factors that modulate growth cone motility in response to physiological guidance cues. Future work to identify molecules downstream of guidance cues that act on actin bundles, as well as molecules that regulate actin bundle-microtubule interaction, will be of great interest.
Materials and methods
ML-7 was purchased from Calbiochem-Novabiochem; BDM, serotonin, cytochalasin D, poly-L-lysine, and tubulin antibodies were from Sigma-Aldrich; Bodipy FL phallacidin was from Molecular Probes; LPA was from Cayman Chemical; salt-free Liebowitz L-15 medium was made by GIBCO BRL.
Cell culturing
For experiments conducted on polylysine-attached growth cones, neurons with attached axons were removed from the buccal ganglia of Helisoma trivolvis and cultured in defined medium L-15 on polylysine-coated coverslips. For growth cone turning experiments, neurons were cultured in the medium containing conditioning factors prepared from Helisoma brain (Zhou and Cohan, 2001 ). Cells were cultured for 8-12 h to allow for neurite outgrowth.
Video and fluorescent microscopy
Growth cones were viewed with an inverted light microscope (Nikon Diaphot) equipped with a dry condenser (0.52 NA) for phase contrast optics. Figure 7 . Proposed cytoskeletal mechanism of repulsive growth cone turning. (a) A typical growth cone has an actin-rich P-domain, which is organized into actin bundles (green lines) and actin meshwork that accumulates at the leading edge (green gradient), as well as a C-domain that contains microtubules (red). Under normal conditions, F-actin powered by retrograde flow (blue arrows) impedes microtubules from entering the growth cone P-domain. Meanwhile, actin bundles selectively promote the advancement of some microtubule ends (red lines) into the P-domain. (b) An extracellular gradient of repulsive cue (red-yellow gradient) induces a local actin bundle loss, which leads to the translocation of actin filaments from the leading edge to the center. (c) This results in asymmetrical lamellipodial protrusion and partial growth cone collapse. In the meantime, free microtubule ends are excluded from the area facing the repulsive cue due to actin bundle loss (b and c). (d) Lastly, lamellipodia protrude in the area where actin bundles remain, and microtubules overlapping with remaining actin bundles initiate directional extension and bundling, which causes the neurite to turn in the direction of lamellipodial protrusion.
Images of growth cones were recorded with a cooled CCD camera (Photometrics Ltd.) controlled by IP Lab Spectrum software (Scanalytics) after 2.5ϫ projection. A 40ϫ oil immersion phase objective (1.30 NA) was used for polylysine-attached growth cones, and a 20ϫ or 40ϫ phase objective (0.75 NA) was used for conditioned medium growth cones. All image processing was done with IP Lab Spectrum and final images were prepared using Adobe Photoshop ® . For fluorescent staining, cells were fixed and stained with Bodipy FL phalloidin for F-actin, and ␣-tubulin, acetylated tubulin, and tyrosine tubulin antibodies for microtubules (Sigma-Aldrich), as described previously (Welnhofer et al., 1997) . After fluorescent labeling, growth cones were viewed with the fluorescent microscope system (NikonDiaphot 300), consisting of a 100ϫ, 1.25 NA oil objective lens.
Microtubule dynamics
X-rhodamine-conjugated bovine brain tubulin was prepared as described by Waterman-Storer and Salmon, 1997. Neuronal cell bodies in cultures were injected with labeled tubulin (2-3 mg/ml) and coverslips were mounted in Rose chambers (Reider and Hard, 1990 ) using defined medium supplemented with 2 mg/ml glucose and 10 l/ml oxyrase (Oxyrase, Inc.).
For visualization of microtubule dynamics, time-lapse FSM was performed on a spinning disk confocal microscope system. 568-nm light from a 2.5 W krypton-argon ion laser (Coherent) was selected with a four-channel acousto-optical tunable filter (AOTF; Neos Technologies) and was delivered by a single-mode fiberoptic (Oz Optics) to the UltraView spinning disk confocal scan head (PerkinElmer) containing a reverse dichromatic mirror and emission filter for x-rhodamine fluorescence. The scanning point sources from the UltraView unit entered the side camera port of an inverted microscope (TE300 Quantum; Nikon) and were focused on the specimen through a 100ϫ 1.4 NA Plan-Apochromatic DIC objective lens. The emission light from the specimen was collected by an Orca 2 camera (Hamamatsu, Inc.) operated in the slow-scan (1.25 mHz), 14 bit-depth mode. Images were collected at 10-s intervals using acquisition times of 0.5-1 s. Microscope functions and image analysis were controlled by MetaMorph software (Universal Imaging Corp.).
For image analysis, the distance between a fluorescent speckle along the microtubule lattice and the terminal microtubule speckle was measured in each calibrated image of the time-lapse series. The differences in this distance between each image in the series (10-s interval) were used to calculate instantaneous growth velocities. Retrograde flow rates were calculated independently by tracking the movement of individual speckles in consecutive images.
Measurement and data analysis
For the growth cone turning assay, the turning angle was defined as the angle between the original growth cone advancing direction and a line that connects growth cones before and after a 1-h exposure to the gradient . The growth cone advancing direction was represented by drawing a line that overlapped the trailing axon behind the growth cone. To determine growth cone advance, the neurite extension trajectory was traced and measured with IP Lab software. Only growth cones that did not split and advanced more than 6 m during a 1-h period were included in this study.
To measure lamellipodial expansion during growth cone formation, lamellipodia surface areas were measured with IP Lab software. To analyze lamellipodial dynamics during growth cone turning, only growth cones with well-extended lamellipodia through the whole turning process that made clear repulsive turns were included in the final analysis. Growth cones were divided in half by a line in the direction of neurite outgrowth, which overlapped the neurite shaft right behind the growth cone (Fig. 2 a) . The ratio of growth cone surface area (area facing away from ML-7/area facing the ML-7) was calculated in each frame. Because the growth cone was very dynamic, the dividing line was adjusted in each frame so that it always overlapped the direction of the neurite shaft. During repulsive growth cone turning, this line rotated gradually away from the ML-7 gradient. To measure asymmetrical lamellipodial protrusion of polylysineattached growth cones, growth cone images first were divided into roughly equal halves and the surface area of each half was measured (Fig. 2 c) . Subsequent expansion of lamellipodia was represented as a percentage change of lamellipodial area between 45 and 90 min after axon severing. In addition, retrograde flow was measured by dropping polystyrene beads onto the surface of polylysine-attached growth cones before and after application of BDM, as previously reported (Welnhofer et al., 1997) .
To quantify microtubule distribution in the polylysine-attached growth cone P-domain, the average fluorescent intensity (AFI) of microtubule and background staining within the actin-rich P-domain were measured. The adjusted microtubule AFI (AFI P-domain Ϫ AFI background ) was then normalized by the AFI of single microtubules identifiable in the P-domain. The obtained ratio R ϭ (AFI microtubules Ϫ AFI background ) / AFI single microtubule represents the percentage of fluorescence in each growth cone P-domain contributed by single microtubule staining. For microtubules in conditioned medium growth cones, the percentage of growth cones with at least two identifiable free microtubule ends was calculated because ML-7-collapsed growth cones often contained one single free microtubule end associated with remnant filopodia.
All data were reported as mean Ϯ SEM, and we used an unpaired t test to determine the significance of the data between groups. For multiple group comparison, one-way ANOVA was used followed by least significant decision (LSD) as post-hoc analysis. For percentage data, the Chi square test was used.
